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ABSTRACT 
A three-dimensional f i n i t e  element model of t h e  chemical vapor depos i t ion  
(CVD) of boron on a carbon s u b s t r a t e  (B/c) is developed. The model inc ludes  
an expansion of t h e  boron a f t e r  d e p o s i t i o n  due to  atomic rearrangement and in- 
c ludes  c reep  of t h e  boron and carbon. Curves a r e  p resen ted  t o  show how t h e  
p r i n c i p a l  r e s i d u a l  stresses and the  f i l ament  e longa t ion  vary a s  t h e  parameters  
d e f i n i n g  depos i t ion  s t r a i n  and c reep  a r e  va r ied .  The c a l c u l a t e d  r e s u l t s  a r e  
compared wi th  exper imental  a x i a l  r e s i d u a l  stress and e longa t ion  measurements 
made on B/C f i l aments .  This comparison r e q u i r e s  t h a t  f o r  good agreement be- 
tween c a l c u l a t e d  and exper imental  r e s u l t s ,  t h e  depos i t ed  boron must cont inue 
t o  expand a f t e r  depos i t ion ,  and t h a t  t h e  build-up o f  r e s i d u a l  s t r e s s e s  is  
l i m i t e d  by s i g n i f i c a n t  boron and carbon creep r a t e s .  
INTRODUCTION 
Boron f i l aments  made by t h e  chemical vapor d e p o s i t i o n  (CVD) of boron on to  
a tungs ten  o r  carbon s u b s t r a t e  e x h i b i t  h igh moduli and s t r e n g t h s ;  however, a 
d e t a i l e d  understanding o f  t h e  e longa t ion  o f  t h e  f i l ament  dur ing  d e p o s i t i o n  and 
the  l a r g e  r e s i d u a l  s t r e s s e s  i n  t h e  r e s u l t i n g  f i l ament  is y e t  needed. For 
boron depos i t ed  on a carbon s u b s t r a t e  (B/c),  t h i s  e longa t ion  is as much as 
5 percent  (Ref. 1). Measurements of t h e  a x i a l  r e s i d u a l  s t r e s s e s  i n  102 urn 
(4.0 mi l )  d iameter  B / C  f i l ament  show these  s t r e s s e s  t o  be l a r g e ,  790 MPa 
(115 k s i )  compressive s t r e s s  near  t h e  s u r f a c e  and 290 MPa (42 ksi) t e n s i l e  
s t r e s s  near  t h e  carbon core  (Ref. 2).  
Witucki (Ref. 3) es t imated  t h e  r e s i d u a l  s t r e s s e s  by assuming t h a t  t h e  
boron is  depos i t ed  i n  a s t r e s s e d  s t a t e  and t h a t  t h e  boron behaved e l a s t i c a l l y .  
H i s  c a l c u l a t e d  a x i a l  r e s i d u a l  stress d i s t r i b u t i o r  , al though agree ing  wi th  ex- 
per imental  va lues  a t  t h e  s u r f a c e ,  inc reased  r a p i d l y  f o r  decreas ing  r a d i a l  
l o c a t i o n  i n s i d e  t h e  f i l ament  t o  va lues  much l a r g e r  than a r e  observed exper i -  
mentally.  Mehalso (Ref. 1 )  suggested t h a t  t h e  resddual  stresses and t h e  
e longa t ion  were produced by an expansion o f  t h e  boron a f t e r  d e p o s i t i o n  due t o  
atomic rearrangement. Eason (Ref. 4 )  has  measured t h e  e l o n g a t i o n  d u r i n g  t h e  
chemical vapor d e p o s i t i o n  of boron on tungsten and boron on carbon, Eason, 
using a one-dimensional model i n  which he assumes, as d i d  Mehalso, t h a t  t h e  
boron con t inues  t o  expand a f t e r  d e p o s i t i o n  and t h a t  t h e  r e s i d u a l  stresses a r e  
l i m i t e d  t o  a given maximum v a l u e ,  c a l c u l a l i  1 t h e  f i l ament  e longa t ion  dur ing  
boron depos i t ion .  Although he ob ta ined  ~d agreement between h i s  c a l c u l a t e d  1 
and measu..,?d e longa t ion  r e s u l t s ,  h i s  model d i d  n o t  g i v e  good agreement wi th  
t h e  measured a x i a l  r e s i d u a l  stresses. Because h i s  model was one-dimensional, 
he was not  a b l e  t o  c a l c u l a t e  t h e  r a d i a l  and c i r c u m f e r e n t i a l  stresses. 
The o b j e c t i v e  o f  t h e  work repor ted  here  was t o  develop a three-dimensional 
model o f  chemical vapor d e p o s i t i o n  of boron and t o  use  t h i s  t o  c a l c u l a t e  r e s i d -  I 
u a l  s t r e s s e s  and e longa t ion  o f  t h e  f i l ament  dur ing depos i t ion .  Because t h e  
model developed was three-dimensional,  t h e  p r i n c i p a l  s t r e s s e s  i n  t h e  r a d i a l ,  
c i r c u m f e r e n t i a l ,  and a x i a l  d i r e c t i o n s  cou ld  a l l  be c a l c u l a t e d .  I n  t h i s  model, 
t h e  boron was allowed t o  expand a f t e r  d e p o s i t i o n  a s  suggested by Mehalso and 
used by Eason i n  h i s  model. I n  a d d i t i o n ,  the  boron was allowed t o  c reep  ac- 
cording t o  a stress-dependent creep law. These two a d d i t i o n s  i n  t h i s  model 
( t h e  use  o f  t h r e e  dimensions and t h e  s t ress-dependent  c reep)  produce c a l c u l a t e d  
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r e s u l t s  f o r  t h e  r e s i d u a l  s t r e s s e s  and f i l ament  e longa t ion  i n  e x c e l l e n t  agree- i 1 
I 
ment with exper imental  measurements. , 
DEPOSITION MODEL 
It is assumed i n  t h i s  model t h a t  t h e  f i l ament  is always axisymmetric. 
The elements i n  t h e  f i n i t e  element a n a l y s i s  used were t aken  t o  be c y l i n d r i c a l  
s h e l l s  as shown i n  Figure  1. Here, rc is t h e  c o r e  ( s u b s t r a t e )  r a d i u s ,  and 
r i s  t h e  o u t e r  r a d i u s  of t h e  i t h  s h e l l  o r  clement. The nodes of t h e  i t h  
element a r e  then l o c a t e d  a t  ri-1 and r i .  Because of t h i s  symmetry, i t  is  
necessary  t o  determine t h e  nodal d isplacements  i n  t h e  r a d i a l  and a x i a l  d i rec -  
t i o n s .  The nodal d isplacements ,  u i ,  i n  t h e  r a d i a l  d i r e c t i o n  a r e  obta ined by 
t h e  method o f  f i n i t e  element a n a l y s i s .  Thp nodal d isplacements ,  w i ,  i n  t h e  
a x i a l  d i r e c t i o n  are t h e  same f o r  a11 nodes and a r e  obta ined from t h e  cond i t ion  
o f  equ i l ib r ium t h a t  t h e  n e t  f o r c e  i n  t h e  a x i a l  d i r e c t i o n  on a f a c e  perpendicu- 
la r  t o  t h i s  d i r e c t i o n  is zero.  From t h e s e  nodal  d isplacements ,  the  p r i n c i p a l  
s t r a i n s ,  c r ,  ce ,  and c Z  i n  t h e  r a d i a l ,  c i r c u m f e r e n t i a l ,  and a x i a l  d i r e c t i o n s ,  
r e s p e c t i v e l y ,  can be c a l c u l a t e d  f o r  each element. From t h e s e  s t r a i n s ,  t h e  
p r i n c i p a l  stresses or ,  ae,  and a, can be c a l c u l a t e d  f o r  each element. 
I n  t h i s  model, i t  is  assumed t h a t  t h e  boron con t inues  t o  expand a f t e r  
depos i t ion .  I n  t h e  a c t u a l  f i l ament ,  such a n  expansion could be  produced by 
t h e  d i f f u s i o n  of boron from t h e  s u r f a c e  i n t o  t h e  bulk.  The f o r c e  d r i v i n g  such 
! d i f f u s i o n  is  now known; however, one might conclude t h a t  i t  depends upon t h e  
chemical vapor d e p o s i t i o n  p rocess  i t s e l f .  I f  a boron f i l ament  is  annealed i n  $ 
an atmosphere con ta in ing  oxygen, which removes boron from t h e  s u r f a c e ,  t h e  
f i l ament  c o n t r a c t s  (Ref. 4 ) ;  however, i t  n e i t h e r  c o n t r a c t s  o r  e longa tes  i f  an- 
nealed i n  an oxygen-free n i t r o g e n  atmosphere (Ref. 4)  which does no t  remove 
boron from t h e  su r face .  It is a l s o  observed t h a t  vo ids  grow a t  t h e  boron c o r e  
i n t e r f a c e  when boron f i l a m e n t s  are annealed i n  an  atmosphere which removes 
boron from t h e  s u r f a c e ,  i n d i c a t i n g  t h a t  some of  t h e  boron has  d i f f u s e d  from 
core-sheath i n t e r f a c e  t o  t h e  s u r f a c e  and is n o t  merely due t o  t h e  removal o f  
s u r f a c e  boron atoms. It appears  t h a t  d e p o s i t i o n  of boron on t h e  s u r f a c e  causes  
an inward d i f f u s i o n  of boron. 
The expansion is  assumed t o  depend on t h e  time a f t e r  d e p o s i t i o n  of t h e  
boron accord ing  t o  
where t i s  the  time a f t e r  depos i t ion  of t h e  boron i n  t h e  given element,  a 
i s  a r e c i p r o c a l  time cons tan t ,  cOrs cO0,  and coz are t h e  maximum p l a s t i c  I 
s t r a i n s  a t t a i n e d  a s  a t  goes t o  i n f i n i t y ,  and t h e  double prime i n d i c a t e s  
t h a t  these  a r e  p l a s t i c  s t r a i n s .  For l a r g e  a ,  t h e  p l a s t i c  s t r a i n s  f o r  a 
given element approach t h e i r  maximum va lues  be fore  very many a d d i t i o n a l  
elements a r e  added. This approaches Witucki ' s  model i n  which t h e  boron 
i s  depos i t ed  i n  a s t r a i n e d  condi t ion.  For small a ,  boron i n  t h e  f i r s t  de- 
p o s i t e d  elements cont inues  t o  expand even as t h e  f i n a l  elements a r e  deposi ted.  
Due t o  t h e s e  p l a s t i c  depos i t ion  s t r a i n s ,  s t r e s s e s  s t a r t  t o  i n c r e a s e  i n  
t h e  elements caus ing  creep t o  t ake  p l a c e .  I n  t h i s  model, t h e  fol lowing stress- 
deyeadcnt crecp  equa t ions  are used t o  c a l c u l ; ~ t e  the  crecp s t r a i n s  f o r  each 
element. Following Lin ( R e f ,  5 ) ,  tlrcl effective creep  r a t e  * is given by 
where B and . n  a r e  c o n s t a n t s  and a*, t h e  e f f e c t i v e  stress, is 
The p r i n c i p a l  creep s t r a i n s  can then  be de f ined  i n  terms of  t* and a* a s  
(Ref.  5) 
where A t  is t h e  t ime r e q u i r e d  t o  d e p o s i t  t h e  outermost element and is  pro- 
p o r t i o n a l  t o  r - . Equations (4) g ive  t h e  p r i n c i p a l  c reep  s t r a i n s  f ,r 
an element i n  terms of t h e  p r i n c i p a l  s t r e s s e s  f o r  t h a t  element.  
RESULTS 
In t h i s  s e c t i o n ,  t h e  dependence of the  c a l c u l a t e d  r e s i d u a l  s t r e s s e s  and 
f i l ament  e longa t ion  on t h e  parameters i n  t h e  d e p o s i t i o n  s t r a i n  equa t ions  
(Eqs. ( 1 ) )  and t h e  c reep  s t r a i n  equa t ions  (Eqs. ( 2 ) )  a r e  shown. I n  t h e s e  
c a l c u l a t i o n s ,  t h e  e l a s t i c  c o n s t a n t s  used f o r  t h e  carbon c o r e  and boron s h e a t h  
a r e  shown i n  Table  I. 
I n  o r d e r  t o  keep t h e  next  t h r e e  f i g u r e s  s imple ,  only t h e  dependence o f  
t h e  a x i a l  component of t h e  c a l c u l a t e d  r e s i d u a l  s t r e s s e s  on the  parameters i n  
d e p o s i t i o n  s t r a i n  and c reep  equa t ions  is shown. 
In Figure  2 ,  t h e  e f f e c t  of  va ry ing  1% i n  t h e  c reep  equa t ions  (Eq. ( 2 ) )  
on the  a x i a l  r e s i d u a l  s t r e s s ,  a = ,  is  shown. For zero  c rcep  (H = 0.0) t h e  
a x i a l  component va r i e s  from -2.95 GPa (-428 k s i )  near the  sur face  t o  6.67 Cia 
(967 k s i )  near the core. A s  B is increased from zero, the  amount of  creep 
increases  with a comparable reduction i n  the resjt lual s t r e s s e s  as shown by the  
curves f o r  B - 3, 6, 9, 15, and 200x1019, 
In Figure 3, the e f f e c t  of varying a i n  the deposi t ion s t r a i n  equation8 
(Eq. (1))  on the  a x i a l  r e s idua l  s t r e s s ,  oz,  is shown. Note t h a t  changes i n  a 
produce l a r g e  changes i n  the  shape of t he  curves f o r  a,. I n  p a r t i c u l a r ,  t h e  
minimum j u s t  i n s ide  the  ou te r  sur face  changes from a broad minimum f o r  small 
a t o  a narrow minimum f o r  l a rge  a. I n  t he  l i m i t  a s  a goes t o  i n f i n i t y ,  
t h i s  minimum disappears (not shown i n  the  f igu re ) .  As a goes t o  zero, the 
sur face  value f o r  a, goes t o  zero. 
I n  Figure 4, t he  e f f e c t  of sia;ultaneously varying the  parameters coo and 
"oz (Eq. (1))  on the a x i a l  r e s idua l  s t r e s s ,  oZ,  is  shown. Here cor = 0.0, and 
coo i s  set equal t o  eoz. Tha e f f e c t s  of varying t h i s  parameter a r e  small  
near t he  core but  become l a r g e r  near the  sur face  making l a r g e  changes i n  the 
minimum near  t h e  surface. 
In  Figure 5, the  e f f e c t  of varying B i n  the  creep equations (Eq. ( 2 ) )  
on the  elongat ion of the  fi lament is shown. This shows the  percent e longat ion 
versus radius of the fi lament during the  fi lament growth. The l a r g e s t  value 
of B shows the l a r g e s t  reduction i n  elongation. 
In  Figure 6, t he  e f f e c t  of varying a i n  the  depos i t ion  s t r a i n  equation 
(Eq. (1))  on the elongation during filament growth is shown. A s  a increases ,  
the elongation f o r  a given radius a l s o  increases  except f o r  the l a r g e r  values 
of a i n  which the elongat ion decreases f o r  increasing values of a f o r  
values of r near the l a r g e s t  values shown. 
I n  Figure 7 ,  the e f f e c t s  of simultaneously varying coo and cOz (Eq. (1) 
on the  elongation during filament growth is shown. Here increas ing  toe and 
€02 markedly increases  the elongation. 
Comparison with Experimental Results 
The parameters coo, E ~ , ,  a ,  B ,  and n were adjusted t o  ca l cu la t e  a a Z  
versus r curve which c lose ly  matched the experimental curve f o r  a 102 pm 
(4.0 mil) diameter B/c fi lament.  This is shown i n  Figure 8 along with an ex- 
perimental curve. The experimental curve was obtained by the method described 
i n  Ref. 2. Several points  should be made regarding these parameters. The 
minimum i n  the  experimental curve f o r  a, near  the su r f ace  is reasonably 
reproduced i n  the  ca lcu la ted  curve when values  of a a r e  near  0.3. Based on 
t h i s  model, t h i s  means t h a t  t h e  boron is  not  merely deposi ted i n  a s t r a i n e d  
s t a t e  b9t t h a t  i t  cont inues t o  expand a f t e r  depositioq. The deep minimum a t  
the  core-sheath i n t e r f ace  i n  the  experimental curve could no t  be dupl icated i n  
t he  ca lcu la ted  curves. This experimentally observed minimum is probably t h e  
r e s u l t  of the  small  amount of i n t e r d i f f u s i o n  between the  car ton  core  and t h e  
boron sheath which was not  modeled i n  t h e  ca lcu la t ion .  The lcwer va lue  f o r  
t he  core  r e s idua l  s t r e s s  i n  t h e  experimental curve may r e s u l t  from the  low 
shear  s t r eng th  of  t he  py ro ly t i c  g r aph i t e  coa t ing  appl ied t o  t he  carbon sub- 
s t r a t e  t o  reduce core f r a c t u r e  during boron deposi t ion.  Also, t h i s  was not 
considered i n  t h i s  model. 
In  Figure 9, t h e  ca lcu1a~~:d  curves f o r  a l l  t h r ee  components of  the  r e s idua l  
s t r e s s e s ,  or ,  a e r  and oz  a r e  shown using the  same values  f o r  the  parameters 
a s  f o r  the  ca lcu la ted  curve i n  Figure 8. A comparison o f  t he  ca lcu la ted  curves 
f o r  o r  and og with experiment cannot be made because of the l ack  of com- 
parable  experimental data.  However, t he  boundary condi t ion a t  t he  su r f  ace  re- 
qu i r e s  t h a t  a r  goes t o  zero a s  it  does i n  t h i s  f igure .  
I n  Figure 10, t h e  ca lcu la ted  elongat ion r e s u l t s  and the  experimental elonga- 
t i o n  curves of Mehalso (Ref. 1) f o r  B/c a r e  shown. The va lues  of  parameters 
f o r  the ca lcu la ted  curve a r e  t h e  same a s  i n  Figures  8 and 9. The experimental 
data are fo r  depos i t ion  temperatures of 1200' C and 1300' C a r e  shown. Near 
the  f i n a l  radius ,  t he  s lope  of t h e  ca lcu la ted  curve is decreasing more r ap id ly  
with radius  than a r e  the  experimental curves. However, t h e  ca lcu la ted  total 
elongat ion agrees  with the experimental value. 
CONCLUSIONS 
The o v e r a l l  good agreement betwcen the  ca lcu la ted  and experimental curves 
f o r  both the a x i a l  r e s idua l  s t r e s s  and elongat lon curves leads t o  the  following 
conclusions: 
1. The minimum near  the eurface i n  tile experimental curve f o r  o Z  is rea- 
sonably reproduced i n  the  ca lcu la ted  curvt. f o r  valucr; of a near 0.3. This 
11. means t ha t  chemical vapor deposited boron continues t o  expand f o r  some time 
a f t e r  deposi t ion,  Such an expansion could r e s u l t  from boron d i f fu s ing  from the  
sur face  i n t o  the  bulk f i l l i n g  vacancies o r  adding add i t i ona l  planes of atoms. 
2. B3ron a t  the  temperature o f  deposi t ion must c reep  s u b s t a n t i a l l y  as 
indicated by t h e  l a rge  value o f  B required in Equation (2) .  
A three-dimensional w d e l  of the  chemical vapor deposi t ion of boron on a 
carbon s u b s t r a t e  was developed i n  which an expansion of t he  deposited boron 
and subsequent creep of  t he  boron were included. The method of f i n i t e  element 
ana lys i s  was used t o  ob ta in  values of r e s idua l  stresses or,  a,, and a, a s  a 
funct ion of r a d i a l  l oca t ion ,  r, i n  t he  completed fi lament and the  elongat ion of 
t h e  fi lament a s  a funct ion of i ts  growth radius .  A wide range of values f o r  
parameters i n  t h e  deposi t ion s t r a i n  equat ions and creep equat ions were used. 
Comparison of the  ca lcu la ted  r e s u l t s  wi th  experimental r e s u l t s  f o r  the a x i a l  
res idua l  s t r e s s e s  and elongat ion of B/c f i laments  i nd i ca t e  t h a t  the  boron 
continues t o  expand f o r  some time a f t e r  depos i t ion  and t h a t  t h e  boron creeps 
which limits the  build-up of r e s idua l  stresses. 
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TABLE I .  - MATERUL CONSTANTS 
Material Young's modulus Poieoon' e ratio 
CPa 
Carbon core 41.4 6 x 1 0 ~  0.25 
Boron sheath 39.3 5 ~ 1 0 ~  0.13 
i 
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Figure 9. - Cakulated residual stresses, a, a h  and a, 
versus rrdial location, r. The h p o s i t i ~ ~  and creep pa- 
ramebrs are the same as that for the cakulaW curve 
in  Figure 8. 
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Figure 10. - Comparison of the calculated and experi- 
mental elongation versus filament radius. r. The 
dqmsitIon and creep parameters are the &me as 
that for the c~kulatod curves i n  Figures 8 and 9. 
